Introduction
hypothesized that the principal cause of molecular evolution is the random fixation of selectively neutral mutations at rates that are constant over time. Various methods have been employed to estimate genetic distance between taxa in units of gene substitution as a means of determining the time of divergence (Langley and Fitch 1974; Nei and Roychoudhury 1974; Sarich 1977 ). In such cases, the mathematical model for estimating genetic distance must be one which insures linearity with respect to time. Estimates made by these methods are subject to at least four sources of error: (1) variation among loci in neutrality of or functional constraints on gene substitutions, (2) differences in laboratory methods for detecting variation (King and Wilson 1975; Bruce and Ayala 1979) , (3) variation in the rates of neutral substitutions among those loci (King and Jukes 1969; Nei and Chakraborty 1973; Langley and Fitch 1974) , and (4) variation in substitution rates among the taxa selected for study (Wyles and Gorman 1980) . Linearity of the distance measure in time might be further insured by comparing taxa with similar generation lengths (see Korey 1981) , although an influence of differences in generation length among the taxa compared upon annual rates of gene substitution has been disputed (see, e.g., Wilson et al. 1977) . Finally, the molecular clock has usually been calibrated indirectly using radiometrically dated fossils which have both already diverged and experienced a gradual cessation of gene flow (Cronin et al. 1980; Cronin and Meikle 1982) , using model parameters whose values are estimated with substantial error (Fitch and Langley 1976) or employing imprecisely dated or lengthy geological events (Radinsky 1978) , such as the emergence of the Isthmus of Panama (Lessios 1979; Vawter et al. 1980) .
Values of genetic distance (D) have sometimes been calibrated to time (t), employing the equation
where c, n, and A represent, respectively, the proportion of all nucleotide substitutions which are electrophoretically detectable, the average number of amino acids per polypeptide, and the average rate of substitutions per codon per year. The value of t can then be determined based upon the value of D and estimates of those of c, n, and A. Nei (1975) , for example, has argued that t = 5 x 1O"D for many vertebrate taxa. Even if the values of cnX averaged over many loci remain relatively constant over moderate time intervals and over many taxa, however, the products of reasonable estimates of c', n, and h, whose true valuesare currently unknown, generate a broad range of possible parameters for estimating divergence times (Nevo et al. 1974) . Thus relatively small differences in, for example, the value of c can yield divergence times which differ manyfold.
Previous estimates of divergence time among taxa have been subject to one or more of the sources of error discussed above. Despite these potential errors, rates of gene substitutions averaged over many loci remain relatively constant over moderate time intervals (Fitch and Langley 1976) . Thus, if at least one wellestablished date is known for the sudden emergence of an absolute barrier to gene flow between any two closely related taxa, genetic distances (generated by the same laboratory procedures) between these and other closely related taxa can be calibrated to give approximate estimates of divergence time that are independent of values of c, n, and A. This set of circumstances has not yet been documented for the comparison of any two taxa.
In this paper, the electrophoresis of a large number of proteins is employed to estimate the time of subgeneric divergence of ground squirrels within the genus Spermophilus. The genetic distance estimated by Nei's model (1972) , that most frequently used for this purpose, is calibrated to time using a well-established estimate for a geological date associated with the sudden formation of an absolute barrier to gene flow between two ground squirrel subspecies. To test the utility of Nei's model, we include a minimum time of divergence of subgenera Otospermophilus and Spermophilus based on the fossil record. The California field sites were selected because they are all approximately equidistant from the Sacramento River and Delta drainage system, which provides the absolute boundary for the ranges of Beechey and Douglas ground squirrels. Since its origin, the extent of this barrier has fluctuated considerably, with rising sea levels during interglacial periods and with increased winter precipitation during glacial periods (Johnson 1977) . Prior to the Delta levee construction, the high tide shoreline of the Delta tidal marsh extended as far east as the city of Sacramento Deposits of Bishop Tuff from the massive eruption of the Long Valley caldera (Bailey et al. 1976 ) covered the top of the Corcoran Clay near Bakersfield shortly after the Corcoran Lake had completely drained (Davis et al. 1977) , rerouting the Sacramento River drainage into San Francisco Bay. The accepted K-Ar age of the Bishop Tuff is 0.725 + 0.015 Myr ago (Dab-ymple 1980) , thus providing the calibration for the sudden onset of complete and permanent reproductive isolation of Beechey and Douglas ground squirrels. While allopatric speciation could theoretically predate 0.725 Myr ago, hybridization of these two subspecies in captivity and among other subspecies of S. b. in other regions of California, where their ranges converge at less effective geographic barriers, suggests that allopatric speciation is very unlikely to have occurred.
Ground squirrel fossils from the McKay Reservoir near Pendleton, Oregon (Shotwell 1956; Black 1963 Black , 1972 , have been classified as members of subgenera Spermophilus (Arctic ground squirrel subgenus) and Otospermophilus (California ground squirrel subgenus). The fossils of subgenus Spermophilus are the earliest fossils which have been reliably assigned to that subgenus (Black 1963). The Hemphillian deposits within which these fossils were found characterize those of Asia and Europe, indicating continental migrations across the Bering land bridge (see Repenning 1980) constrained by sea level changes between 5.3 and 6.6 Myr ago (Vail and Hardenbol 1979) . Thus, the ground squirrel fossils are no younger than 5 Myr (Repenning, personal communication, U.S. Geological Survey), the minimum possible date for subgeneric divergence of Arctic and California ground squirrels.
Electrophoresis
After being collected into tubes containing anticoagulant (acid-citrate-dextrose), all blood samples were immediately refrigerated in wet ice. Upon return from the field, samples were centrifuged and the plasma removed, aliquoted into small samples, and frozen at -70 C until used. Red cells were washed three times with 0.85% saline, lysed with an equal volume of distilled water, extracted with toluene, then similarly aliquoted into small samples and frozen until used for analyses described below.
Samples were screened for electrophoretically detectable variation in proteins representing 37 genetic loci. Transferrin (Tf), albumin (Al), alpha,-macroglobulin (Mac), and NADH (Dia I) and NADPH (Dia 11) diaphorases (EC 1.6.2.2) were screened on 7.5% polyacrylamide gels and glucose phosphate (phosphohexose) isomerase (GPI; EC 5.3.1.9) was screened on starch using methods described by Smith (1980) . Carbonic anhydrase (CA I and CA II; EC 4.2.1.1) and esterase D (Est D; EC 3.1.1.1) were screened on starch using the method of Hopkinson et al. (1974) , which employs the fluorogenic substrates 4-methylumbelliferyl acetate and fluorescein diacetate for staining CA I (and Est D) and CA II, respectively. Both haptoglobin (Hp) and ceruloplasmin (Cp; EC 1.16.3.1) were run and stained on the same acrylamide gel as described by McCombs and Bowman (1969) . Adenosine deaminase (ADA; EC 3.5.4.4; Spencer et al. [ 1968] ), isocitrate dehydrogenase (IDH; EC 1.1.1.42; Chen et al. [1972] ) and alpha,-antitrypsin (AAT; Fagerhol [1972] ) were all screened on starch gels using methods previously described. The phosphoglucomutase (PGM I and II; EC 2.7.5.1), peptidase (Pep A, B, C and D; EC 3.4.11 and EC 3.4.13.9), lactate dehydrogenase (LDH A and B; EC 1.1.1.27), 6-phosphogluconate dehydrogenase (6-PGD; EC 1.1.1.44), fumarase (Fum; EC 4.2.1.2), glucose-6-phosphate dehydrogenase (G-6-PD; EC 1.1.1.49), malate dehydrogenase (MDH; EC 1.1.1.37), leucine amino peptidase (LAP; EC 3.4.1 l.l), adenylate kinase (AK; EC 2.7.4.3), hexokinase (Hk; EC 2.7.1 .l), the serum and red cell esterases (Est, and Es&,; EC 3.1.1.1) and superoxide dismutase (SOD A and B; EC 1.15.1.1) proteins were screened using standard starch gel electrophoresis with histochemical staining methods (Harris and Hopkinson 1976). Hemoglobin (Hb) was screened by cellulose acetate electrophoresis using a TrisGlycine-EDTA buffer, pH 9.2 (Smith and Ferrell 1980) , and, subsequently, using the Tris-Borate-EDTA buffer containing urea and 2-mercaptoethanol described by Ueda and Schneider (1969) . Third complement component (C3) and properdin factor B(Bf) were screened by prolonged agarose gel electrophoresis followed by immunofixation staining (Alper et al. 197 1; Ziegler et al. 1975) ) and catalase (Cat; EC 1.11.1.6) was screened by the method described by Shaw and Prasad (1970) .
Estimating Divergence Time from Genetic Distances Nei's (1972) 
J,, J,, and Jxy are the values of I&X;, ail, and xiXiYi, respectively, which are the sums of the squared frequencies (and cross products of frequencies) of the ith allele averaged over all loci for two populations, X and I: Nei (1972) has shown that such estimates of D are linear in t, as illustrated in equation (1). The method of Nei (1978~1) which adjusts estimates of D to account for small sample sizes was not used. With an average heterozygosity below 0.03 and a high D value, even the sample of only eight Arctic ground squirrels is more than adequate for minimizing genetic variance caused by polymorphic loci shared with samples of California ground squirrels (Gorman and Renzi 1979). Nei et al. (1976) have shown that variation in the rate of amino acid substitution among loci follows a gamma distribution, and Nei (1978b) 
Results
Our examination of genetic variation at 37 loci between the two subspecies of California ground squirrels revealed substantial within-species variation. Nearly one-third of these loci revealed polymorphic variation. When the Arctic ground squirrels are also considered (see table I), 22 loci were polymorphic within our entire sample of the genus Spermophilus. 
Discussion
Nei's models (1972, 1978b) for estimating genetic distance were tested to determine their ability to predict ground squirrel subgeneric divergence within the genus Spermophilus. Using these models, we find the average proportionality between all relevant paired comparisons of D generated subgeneric divergence estimates which underestimated by 19% the 5.0-Myr minimum date of divergence set by the fossil record. The corresponding values of D,., however, did approximate the 5-Myr minimum date for subgeneric divergence.
Black (1963) postulates that subgeneric divergence occurred in the Hemphillian between 5 and 8 Myr ago. In agreement, Charles Repenning of the USGS recommends 6.5 Myr ago as a reasonable estimate for the onset of subgeneric divergence. His estimate is coincident with the onset of late Miocene cooling conditions (see Bandy 1968; Vail and Hardenbol 1979) that could have acted as major sources of selection, shifting the subgenus Spermophilus into its present alpine and cold-adapted niche.
Thus it is possible that the time of subgeneric divergence based upon Nei's D, values could be underestimated. Nozawa et al. (1982) have reported a more serious underestimate when D,, is employed for predicting well-established fossil dates for divergence between primate taxa. The underestimate discussed by Nozawa et al. (1982) , and the possible underestimate considered here, could result from secondary gene substitutions leading to the cancellation of prior charge changes. Nei and Chakraborty (1973) have shown that error resulting from such charge reversals becomes increasingly significant as D, exceeds 0.5.
Alternatively, the proliferation of fossils of advanced members of subgenus Spermophilus after, but not before, the late Hemphillian (Black 1963) could indicate that subgeneric divergence was a punctuated evolutionary event. If the latter view were true, calibration of Nei's D,. values for subspecific divergence at 0.725 Myr ago provides an excellent estimate of the time of subgeneric divergence.
Using this date for subspecific ground squirrel divergence, we find t = 6.8 x 106D,.. This calibration factor is 36% higher than that estimated by Nei (1975) for other taxa and suggests an electrophoretically detectable substitution rate (cnh = D/2t) of about 7.4 x 10~~ per codon per year. While this difference suggests that evolutionary rates in the genus Spermophilus are slower than those of other taxa within which 5 x 10hD is considered an appropriate calibrator, extreme caution should be practiced in the use of such indirect calibrating factors. Nozawa et al. (1982) have pointed to serious discrepancies resulting from use of Nei's indirect calibrating factor (t = 5 x 10hD,.) for estimating time of divergence among primates, whose evolutionary rates are generally regarded to be slower, not faster, than those of other vertebrate taxa. These discrepancies could result from the assumption that the value of c is much closer to its theoretically maximum value than it really is. It is now known that the value of c varies substantially among laboratories because of differences in laboratory techniques (Bruce and Ayala 1979; Nozawa et al. 1982) , and, therefore, comparisons of evolutionary rates generated for even the same species or subspecies among different laboratories might be invalid. Moreover, the substantial increases in genetic variation revealed by sequential gel electrophoresis (Singh et al. 1976; Ramshaw et al. 1979) , compared with that resolved by conventional starch gel methods, suggest that the value of c associated with most studies of molecular evolution might be far below its theoretical maximum. If, for example, n = 400 and A = 10 -y holds true for a broad range of vertebrate taxa (e.g., see Fitch and Langley 1976; Coates and Stone 1981) , our estimate of DJ2t = cnh = 7.4 x 10~~ for the genus Spermophilus is consistent with a c value of 0.185, a value about 40% lower than that generally presumed (e.g., King and Wilson 1975; Nei 1975) . If the value of c is this low for other electrophoretic comparisons of primate species, then estimates of divergence times based upon Nei's calibrator (e.g., Nozawa et al. 1982 ) might have been seriously underestimated.
If the evolutionary rates of electrophoretically detectable primate polymorphisms are truly slower than those of other taxa, as is widely believed, then much more serious underestimates of t will have been made.
It has been hypothesized that the value of cnX for extracellular proteins exceeds by tenfold that for intracellular proteins (King and Wilson 1975; Sarich 1977) . In contrast, the values of cnh for divergence among Douglas, Beechey, and Arctic ground squirrels were between 6.0 x 1O-8 and 9.0 x 1O-x for both extracellular and intracellular proteins. Our results, therefore, are consistent with those of others who have found no evidence for a difference in the evolutionary rates of extracellular and intracellular proteins (Bruce and Ayala 1979; Nozawa et al. 1982) . It is more likely that presumed differences in evolutionary rates of intracellular and extracellular proteins result from the greater frequency with which the extracellular proteins are separated on polyacrylamide media, which often provide better discrimination of allelic variants with small charge differences than does starch.
Estimates of genetic distances among subspecies and subgenera of the genus Spermophilus calibrated with the well-established geological date of 0.725 Myr ago for the initiation of Great Valley drainage through San Francisco Bay suggest a date of about 5.16 (+ 0.98) Myr ago for subgeneric divergence. This date is consistent with the minimum time of divergence estimated from both the fossil record and paleoclimatological events. The calibrating date of 0.725 Myr ago might provide a useful tool for examining evolutionary rates among other closely related vertebrate taxa distributed both north and south of San Francisco Bay. Such studies would permit an assessment of the linearity of D, among widely divergent taxa, especially those differing in generation length, and could produce estimates of dates of geological events other than those considered here.
